Both acquisition and structure a ect the azimuthal variation of P-wave m o veout. Here, assuming a fractured reservoir overlaid by a w eakly anisotropic overburden, I develop an analytical expression for quantifying the interval azimuthal variation in P-wave m o veout. This explains previous experimental results, offers some detailed insights into the e ects of various factors, and may help for acquisition design. The interval variation for orthogonal survey lines shows cos 2 variations with the line azimuth measured from the fracture strike for a xed o set. For a xed azimuth, it shows linear variations with the o set-depth ratio at small o sets, and quadratic variations at longer o sets in the case of weak impedance contrast. The sensitivity of the azimuthal moveout response will be further enhanced by low high impedance, but greatly reduced by high low impedance at the top of the reservoir. A con guration of four intersecting survey lines 45 apart may be used to quantify the fracture strike.
Introduction
It is possible to use the azimuthal variations in Pwave NMO velocity for detecting fracture orientation, as suggested by Sena 1991 and Tsvankin 1995, amongst others. This may provide a complement t o other studies such as azimuthal P-wave A VO Lynn et al. 1996 and Mallick et al. 1996 , and shear-wave anisotropy MacBeth 1995 , Li 1997 . Here I evaluate the sensitivity o f the interval moveout di erence between line azimuths for detecting fracture orientation and porosity. Similar to other wave eld attributes, several factors can a ect the azimuthal moveout variation, particularly the interval variation. These factors may include survey line azimuth and o set, overburden structural variation, lithology and anisotropy, and variations in target depth, thickness, impedance contrast and the amount of fracturing. It is thus important to understand the e ects of these various factors and to evaluate the sensitivity o f w ave eld attributes. Some discussions on these aspects can be found in Garotta 1989 , Lefeuvre 1994 , and Lynn et al. 1996 . Here, assuming a fractured reservoir overlaid by a weakly anisotropic overburden, I develop an analytical expression for quantifying the azimuthal moveout variations. This o ers some detailed insights into the e ects of various factors, and may help in acquisition design.
Velocity v ariations in fractured media
Consider a transversely isotropic medium with a horizontal axis of symmetry TIH obtained by fracturing an isotropic matrix with velocities vp0 for P-, and vs0 for S-wave. Assume the fractures strike at azimuth to the survey line. For a P-wave quasi-P wave, with quasi-" omitted propagating in the vertical acquisition plane at incidence ray angle , the group velocity vp; can be written as Sena 1991 The fracture porosity d is de ned as the ratio of fracture volume to the total volume, and ar as the ratio of fracture width w to the fracture height. For formation evaluation, the fracture height is usually larger than the formation thickness. Thus the fracture porosity can be rede ned as d = N w = L , where N is number of fractures with width w, and L is the formation length evaluated. Equations 2 and 3 link the Thomsen parameters, and hence the velocity v ariation, to the physical parameters, and can be used for inversion when the Thomsen parameters are known. Table 1 . The moveout di erences are calculated between the two azimuths parallel 0 and perpendicular 90 to the fracture strike.
O set-depth ratio. Three models Table 1 are used to investigate the sensitivity of the azimuthal moveout response in more detail. The models feature a 300m-thick fractured reservoir with 10 fracture-induced anisotropy. To quantify 20ms di erence in the interval variation, for Model 1 with L H impedance, it only requires a o set-depth ratio x=z of 1.0, whilst for Model 2 with weak impedance and Model 3 with H L impedance, it requires 1.2 and more than 1.6, respectively Figure 3 .
Reservoir properties. Equation 8 shows that the azimuthal moveout response increases with the thickness of the reservoir and fracture porosity. In the case of weak impedance contrast, the sensitivity decreases with the vertical velocity in the reservoir. Multi-azimuth and fracture strike. Consider four intersecting survey lines with 45 separation Figure  6a . The four lines can be arranged into two orthogonal sets. Denoting the interval moveout di erence for the rst set as t ; x, and for the second set as t + =4; x , using equation 9 gives, tan 2 = sin 2 cos 2 = , t + =4; x t ; x : 11 This permits the determination of the fracture strike from four seismic lines. It may be particularly useful for marine exploration where continuous azimuthal coverage may not be available.
Synthetic results
Here I construct full-wave synthetics to test the previous analysis. A 3000m spread with 100m interval is used and ve CDP gathers are calculated over ve azimuthal lines Figure 4 for Model 3 in Table 1 . The line parallel to the fracture strike 0 in Figure 4 uses as a reference. Lines 1, 2, 3 and 4 azimuth: 15 ; 105 ; 60 , and 150 form two orthogonal sets. I pick the residual moveouts of the bottom event at 1.25s interactively for all four lines, and calculate t15 ; x = t Line 2 , t Line 1 and t60 ; x = t Line 4 , t Line 3, as shown in Figures 5 and 6 . The analytical results calculated by equation 9 match the numerical results very well for each corresponding azimuth Figure 5 . Furthermore, the cross-plot of t15 ; x versus t60 ; x for the four-line con guration Figure 6a con rms the lineartrend implied by equation 11 Figure 6b . The trend is at 30 to the horizontal axis, and agrees with equation 11, indicating the fracture strike at 15 . For real data, a c o variance analysis of the cross-plot can be used to estimate the fracture strike. Figure 4. CDP gathers for ve di erent azimuths calculated for the shale fractured gas sand model, in Table 1 with a high low impedance Model 3. 
